M-11522 US 
770165 vl 
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AND METHODS FOR THEIR MANUFACTURE 
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Harold D. Ackler, John C. Egermeier, and Rajiv Pethe 

FIELD OF THE INVENTION 

[0001] This invention relates generally to planar optical waveguides and methods for their 
manufacture, and, in particular, to waveguide designs and manufacturing processes that 
minimize scattering loss due to sidewall roughness. 

BACKGROUND 

[0002] The increasing prevalence of fiber optic communications systems has created an 
unprecedented demand for devices for processing optical signals. Planar devices such as optical 
waveguides, couplers, splitters, and amplifiers, fabricated on planar substrates, like those 
commonly used for integrated circuits, and configured to receive and process signals from 
optical fibers are highly desirable. Such devices hold promise for integrated optical and 
electronic signal processing on a single semiconductor-like substrate. 

[0003] The basic design of planar optical waveguides and amplifiers is well known, as 
described, for example in U. S. Patent Nos. 5,1 19,460 and 5,563,979 to Bruce et al. 5,613,995 to 
Bhandarkar et al., 5,900,057 to Buchal et al., and 5,107,538 to Benton et al., to cite only a few. 
The devices consist, very generally, of a core region, typically bar shaped, of a certain refractive 
index surrounded by a cladding region of a lower refractive index. In the case of an optical 
amplifier, the core region contains a certain concentration of a dopant, typically a rare earth ion 
such as an erbium or praseodymium ion which, when pumped by a laser, fluoresces, for 
example, in the 1550 nm and 1300 nm wavelength range, respectively, used for optical 
communication, amplifying the optical signal passing through the core. 

[0004] As described, for example, in the patents to Bruce et al., to Bhandarkar et al., and to 
Buchal et al., planar optical devices may be fabricated by process sequences including forming a 
layer of cladding material on a substrate, forming a layer of core material on the layer of 
cladding material, patterning the core layer using a photolithographic mask and an etching 
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process to form a core ridge, and covering the core ridge with an upper cladding layer. 

[0005] To be useful in optical communications systems, devices need to have low loss 
levels; that is, the intensity and optical quality of optical signals should not be inadvertently 
degraded by the planar optical devices. Typical systems requirements specify devices with 
passive insertion losses of less than about 0.2 dB/cm. Induced scattering loss due to surface 
roughness of the sidewalls of the core region has been identified as a significant loss mechanism 
in planar optical devices. For example, Foresi et al., in U.S. Patent No. 5, 841, 93 1, report that 
surface roughness is a dominant source of loss in waveguides having polycrystalline silicon 
cores and silicon dioxide cladding layers. The relationship between scattering loss and 
waveguide surface roughness is also treated in publications by Lee et al. (Appl. Phys. Lett. 
1617 (2000)) and Ladouceur et al. (IEE Proc. Optoelectron. 141, 242 (1994).) 

[0006] The etching process used to form the core ridge is understood to be a major source of 
surface roughness of the core sidewalls of planar waveguides and amplifiers. The paper of 
Ladouceur et al., for example, demonstrates that for a silica based waveguide, the surface 
roughness of the etched core is intimately linked with the surface roughness of the mask used in 
the etching process. Rare earth doped materials, used as core materials in amplifiers, are even 
harder to etch than undoped materials, adding to the surface roughness problem in optical 
amplifiers. In particular, alumina and other refractory ceramics, which are hosts for rare earth 
dopants, take on a precrystalline or segregated condition upon heat treatment for dopant 
activation. Such a precrystalline condition further aggravates sidewall roughness on etching. 

[0007] Thus it would be desirable to provide waveguide and amplifier designs and 
fabrication methods that minimize sidewall roughness, enabling the construction of improved 
devices with reduced scattering losses. 

SUMMARY 

[0008] An as-deposited waveguide structure is formed by a vapor deposition process without 
etching of core material. According to an aspect of the present invention, a planar optical device 
of a lighthouse design includes a ridge-structured lower cladding layer of a low refractive index 
material. The lower cladding layer has a planar portion and a ridge portion with a height H 
extending above the planar portion. The lower cladding layer may optionally overlie a planar 
substrate such as a silicon wafer. 
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[0009] A core layer of a core material having a higher refractive index than the low 
refractive index material of the lower cladding layer overlies the top of the ridge portion of the 
lower cladding. The core layer has a thickness T. A slab layer of the core material having a 
predominant thickness T overlies the planar portion of the lower cladding layer. When the 
height of the ridge H is greater than the thickness T of the core layer, or, for additional 
separation, greater than one and a half times the thickness T, coupling of light from the core 
layer to the slab layer is advantageously minimized. 

[0010] The lighthouse waveguide also includes a top cladding layer of a material having a 
lower refractive index than the core material, overlying the core layer and the slab layer. To 
form an optical amplifier, the core material contains a concentration of photoluminescent 
dopants such as rare earth and/or transition metal ions. The present planar optical devices may 
include multiple waveguiding structures on a single substrate, for receiving, for example, 
demultiplexed signals from a wavelength division multiplexed fiber. 

[001 1] A method of forming an as-deposited waveguide structure includes first forming a 
ridge structure in a layer of low refractive index material to provide a lower cladding layer. Next 
a layer of core material is deposited over the ridge structure by a vapor deposition process. 
Finally, a top cladding layer of a material having a lower refractive index than the core material 
is deposited over the core layer. In this way, by first forming the ridge structure in the lower 
cladding layer, a waveguide is formed without etching of core material. 

[0012] The core material is advantageously deposited on the ridge structured lower cladding 
by a physical vapor deposition process in which radiofrequency sputtering of a wide area target 
is performed under conditions of uniform sputter target erosion. When radiofrequency power is 
applied to the ridge structured lower cladding during core layer deposition, in a substrate bias 
process, core material with exceptionally low average surface roughness is produced. 
Furthermore, for lighthouse waveguides in which the ridge height H is greater than twice the 
core material thickness T, when the substrate bias process is used for core deposition, the core 
layer atop the ridge portion is separated from the slab layer atop the planar portion of the lower 
cladding layer, reducing undesired coupling of guided intensity from the core layer to the slab 
layer. 



[0013] Alternatively, core material can be deposited on the ridge structured lower cladding 
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by a reactive direct current physical vapor deposition process in which pulsed direct current 
power is applied to a target in the presence of a reactive gas. Chemical reaction between the 
target material and the reactive gas results in deposition of core material on the ridge structured 
lower cladding. 

[0014] By combining the present lighthouse waveguide design and fabrication method that 
does not require etching of core material with a physical vapor deposition process including 
substrate bias that provides dense, smooth, columnar-free core material, problems due to 
sidewall roughness in previous waveguide designs are reduced or eliminated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIGS. 1A-1C are schematic cross sections illustrating a process of forming an as- 
deposited planar waveguide according to embodiments of the present invention. FIG. 2 is a 
flowchart of the process illustrated in FIGS. 1 A-1C. 

[0016] FIG. 3 is a schematic diagram of a reactor useful for wide area target RF sputtering 
deposition of optical materials as part of the fabrication process according to embodiments of the 
present invention. 

[0017] FIGS. 4A and 4B are schematic cross sections corresponding approximately to FIG. 
IB in which the core layer is deposited by a process including applying RF power to the 
substrate. 

[0018] FIG. 5 is a scanning electron micrograph (SEM) image of a layer deposited by the 
process including applying RF power to the substrate. 

[0019] FIG. 6 is an idealized lighthouse waveguide structure according to embodiments of 
the present invention. 

[0020] FIG. 7 is a flowchart of a process of forming a lower cladding ridge structure by wet 
etching of a silicon wafer. 



[0021] FIG. 8 is an SEM image of the ridge structure formed by the process of FIG. 7. 
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DETAILED DESCRIPTION 

[0022] An as-deposited waveguide structure is formed without etching of core material. The 
as-deposited structure provides planar optical waveguides and amplifiers with reduced scattering 
loss due to core sidewall roughness. The waveguide is formed by depositing a layer of core 
material over a pre-formed ridge structure in a bottom cladding layer. A layer of cladding 
material is deposited over the layer of core material to form the top cladding layer. 

[0023] A generic process sequence to form a planar waveguide, according to embodiments 
of the present invention, is illustrated in the cross sections of FIGS. 1A -1C and the flowchart of 
FIG. 2. Layer 1 0 is a layer of a low refractive index material suitable to serve as the lower 
cladding layer of an optical waveguide or amplifier. Layer 10 may optionally overlie a planar 
substrate (not shown), such as a silicon wafer. First, at step 25, ridge structures 1 1, are etched 
into lower cladding layer 10, for example, using conventional photolithography as shown in FIG. 
1 A. Next, at step 26, a layer of core material 20, having a higher refractive index than lower 
cladding layer 10, is deposited over the ridge structured lower cladding layer 10. Core layer 20 
covers the top surface 16 of ridge structure 1 1, the sidewall 12 of structure 1 1 and the horizontal 
surfaces 14 between structures 1 1, as in FIG. IB. In the last step, 27, an upper cladding layer 30 
is deposited over the layer of core material 20, to produce the structure of FIG. 1C. 

[0024] As described below, light of a given frequency may be guided when the thicknesses 
of the layers 20 and 30, width and height of the structures 11, and difference in refractive index 
of the core and cladding materials are suitably chosen. In this way, the present process allows a 
waveguiding structure to be fabricated without any requirement to etch the core material. The 
direction of light propagation through the structure of FIG. 1C is perpendicular to the illustrated 
cross section. For illustrative purposes, the cross sections of FIGS. 1A-1C show two exemplary 
structures 1 1 . The present process may be used to form a single waveguiding structure or to 
form multiple waveguiding structures on a single substrate, designed, for example, for receiving 
demultiplexed signals from a wavelength division multiplexed (WDM) fiber. 

[0025] Optical materials useful as lower cladding layer 1 0 and upper cladding layer 30 
include various forms of silica (silicon dioxide), such as quartz, amorphous silica, or fused silica; 
alumina; and combinations of silica and alumina. In addition, other amorphous materials, 
particularly amorphous materials that meet the criteria of low coefficient of thermal expansion 
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and high transparency may be used. Thus, transparent oxides, transparent dielectrics, and 
transparent semiconductors may serve as cladding layers. While amorphous materials are 
frequently used as optical materials, polycrystalline forms and even single crystal materials are 
potentially useful. A silicon dioxide layer formed on a silicon wafer by a thermal oxidation 
process, informally termed thermal oxide, may also serve as lower cladding layer 10. While 
lower cladding layer 10 and upper cladding layer 30 typically have similar refractive indices, it is 
not necessary for the upper and lower cladding layers in a given device to be made of precisely 
the same material. 

[0026] For a waveguiding structure, core layer 20 may be formed of the same class of 
materials as the cladding layers, where the refractive index of the core layer material is 
controlled to have a higher value of refractive index than the refractive index of the cladding 
layer. For amplifiers, the core material typically includes, in addition, photoluminescent species, 
such as the lanthanides erbium (Er), ytterbium (Yb), thulium (Tm), praseodymium (Pr), 
neodymium (Nd), and dyprosium (Dy), which are present in the core material in the form of 
ions. Concentrations of rare earth species between about 100 parts per million (ppm) and 1 % 
are generally used in the core materials of optical amplifiers. Small concentrations of additional 
transition metal or other ions may also be present. In planar amplifiers, it is often useful for the 
same material to serve as the cladding layers and as the host for the rare earth species in the core 
layer. Alumina is an advantageous host for rare earth ions. A combination of alumina and silica 
may also serve as the host material for the doped core layer of optical amplifiers. In another 
example, for strongly guiding waveguides, corresponding to a large difference in refractive 
index, An, between the core and cladding layers, polycrystalline silicon may serve as the core 
material, while silicon dioxide serves as the cladding layers. In addition, core or cladding 
materials may be composed in part by organic or silaceous polymers. 

[0027] Vapor phase processes are used to deposit core layer 20 and upper cladding layer 30. 
Useful vapor phase deposition processes include chemical vapor deposition (CVD), physical 
vapor deposition (PVD), which is alternatively termed sputtering, electron beam evaporation, 
and laser ablation. Solvent based polymers may be applied, for example, by aerosol spin-coating 
or spraying techniques. 

[0028] One advantageous PVD method of depositing core layer 20 or upper cladding layer 
30 uses radio frequency (RF) sputtering with a wide area target. An apparatus for RF sputtering 

-6- 



M-11522US 
770165 vl 

with a wide area target is shown in FIG. 3. The method and apparatus are described in 
commonly assigned U.S. application serial Nos. 09/633,307, (the '307 application,) and Attorney 
Docket No. M-7637-1P US, which are incorporated herein by reference. For deposition of core 
layer 20, the ridge structured lower cladding layer, as in FIG. 1 A, is positioned opposite a wide 
area sputter source target 52. The ridge structured lower cladding layer is depicted as substrate 
56 in FIG. 3. (For deposition of upper cladding layer 30, the structure of FIG. IB, including core 
layer 20, is positioned as substrate 56.) 

[0029] Source target 52 is a chemically uniform, planar target composed of the material to be 
deposited. Material is sputtered from source target 52 onto substrate 56 by applying RF power, 
from RF generator 54 to target 52, generating a plasma in a background gas. RF generator 54 is 
a high frequency source, conventionally operated at 13.56 MHz. An inert gas, typically argon, is 
used as the background sputtering gas. As described in the '307 application, the conditions for 
deposition of high quality optical materials are that the target 52 is larger in area than the 
substrate 56 and that a central portion of the target overlying the substrate is exposed to a 
uniform plasma condition, which provides a condition of uniform target erosion. 

[0030] A uniform condition of sputter erosion can be created by sputtering without magnetic 
enhancement, termed diode sputtering, or by creating a large uniform magnetic field using a 
scanning magnet magnetron source 53 in FIG. 3. Uniform target erosion is evidenced by the 
persistence of film uniformity throughout an extended target life. A uniform deposited film is 
defined as a film having a nonuniformity in thickness, when measured at representative points on 
the entire surface of a substrate wafer, of less than about 5 %. Thickness nonuniformity is 
defined by convention as the difference between the minimum and maximum thickness divided 
by twice the average thickness. If films deposited from a target from which more than about 
20 % of the weight of the target has been removed continue to exhibit thickness uniformity, then 
the sputtering process is judged to be in a condition of uniform target erosion for all films 
deposited during the target life. 

[0031] In depositing core layer 20, a dual frequency RF sputtering process, in which low 
frequency RF power is also applied to target 52, can be beneficial. Low frequency generator 55 
provides power in the frequency range from about 100 to 400 kHz. Low frequency RF power is 
understood to accelerate ions in the plasma more efficiently than high frequency RF power. The 
accelerated ions bombard the film as it is being deposited on the substrate, resulting in sputtering 

-7- 



M-11522US 
770165 vl 

and densification of the film. The dual frequency RF sputtering process is further described in 
the '307 application. As demonstrated in Example 1 below, the average surface roughness of 
as-deposited RF sputtered silica films is, for all process conditions investigated, less than about 
4.5 nm. In contrast, about the smallest surface roughness that can be achieved by conventional 
etching of un-annealed vapor deposited silica is at least an order of magnitude larger. The large 
contrast between the smoothness of as-deposited films and etched films clearly demonstrates the 
benefits of the present process of forming waveguides without etching of the core material. 

[0032] In addition, the dual frequency RF deposition process generally results in films with a 
reduced surface roughness as compared with single frequency deposition. For silica, films with 
average surface roughness in the range of between about 1 .5 and 2.6 nm have been obtained with 
the dual frequency RF process. 

[0033] Further, the dual frequency RF process can be used to tune the refractive index of the 
deposited film. Keeping the total RF power the same, the refractive index of the deposited film 
tends to increase with the ratio of low frequency to high frequency RF power. For example, 
core layer 20 of a planar waveguide can be deposited by a dual frequency RF process, and the 
same target 52, can be used to deposit upper cladding layer 30 using a single frequency RF 
process. Introducing low frequency RF power in the core layer deposition process can therefore 
be used to provide the difference in refractive index between the core and cladding layer 
materials. 

[0034] It is particularly beneficial to further augment the single frequency or dual frequency 
RF sputtering process by introducing so-called substrate bias, that is by applying RF power to 
the substrate 56, using, for example, substrate RF generator 58. Sputtering with substrate bias is 
also discussed in the '307 application. When power is applied to the substrate, a plasma sheath 
is formed about the substrate and ions are coupled from the plasma. The sheath potential serves 
to accelerate ions from the plasma so that they bombard the film as it is being deposited, 
sputtering the film, and forward scattering surface atoms. The effects of introducing substrate 
bias are akin to, but more dramatic than, the effects of adding the low frequency RF component 
to the sputter source. Bias sputtering results in material that is dense, smooth, and columnar- 
free and thus is very well suited for use in optical devices. 



[0035] Using the bias sputtering process, the film is simultaneously deposited and etched. 
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FIGS. 4A and 4B illustrates a core layer deposited using substrate bias. The net accumulation of 
film at any point on a surface depends on the relative rates of deposition and etching, which 
depend, respectively, on the power applied to the target and to the substrate, and on the angle 
that the surface makes with the horizontal. The rate of etching is greatest for intermediate 
angles, on the order of 45 degrees, that is between about 30 and 60 degrees. 

[0036] The target and substrate powers can be adjusted such that the rates of deposition and 
etching are approximately the same for a range of intermediate angles. In this case, films 
deposited with bias sputtering have the following characteristics. At a step where a horizontal 
surface meets a vertical surface, the deposited film makes an intermediate angle with the 
horizontal. On a surface at an intermediate angle, such as the angle 1 1 A, of the ridge sidewall, 
in FIG. 4A, there will be no net deposition since the deposition rate and etch rate are 
approximately equal. There is net deposition on a vertical surface. 

[0037] For sidewall angle 1 1 A, in an intermediate range of angles, a structure such as 
structure 40 in FIG. 4A is obtained. Structure 40 includes two regions of core material: core 
layer 22 atop ridge structure 11, and slab layer 25 between the ridge structures. The thickness T 
of core layer 22 and of slab layer 25 is similar. Note that the thickness T of the slab layer refers 
to the thickness over the predominant region of the slab excluding the edge portion 26. Core 
layer 22 has sides 21 which make an angle 21 A with the horizontal. The edge 26 of slab layer 25 
makes an angle 26 A with the horizontal. Both angles 21 A and 26 A are in the intermediate range 
around 45 degrees, characteristic of bias sputtering. For a height H of ridge structure 1 1 that is 
sufficiently larger than the thickness T, there is a region 12t of the sidewall 12 of ridge structure 
1 1 on which no core material is deposited. That is, core layer 22 is separated from slab layer 25. 
When ridge height H is greater than about two times the core thickness T, there is some 
separation between slab layer 25 and core layer 22. 

[0038] For a ridge structure IIP having approximately vertical sidewalls making an angle 
1 IB on the order of 90 degrees with the horizontal, a structure such as structure 41 of FIG. 4B is 
obtained by bias sputtering. Stucture 41 includes sidewall layer 20B, the outer surface of which 
makes the characteristic intermediate angle 20C with the horizontal. Unlike structure 40, ridge 
structure 1 IP is continuously covered with core material including core layer 22, sidewall layer 
20B, and slab portion 25. Structure 41 , most frequently, additionally covered with a top cladding 
layer, provides an alternative waveguiding structure. 
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[0039] A bias sputtering process without magnetic enhancement has been observed to 
provide deposited films with exceptionally low surface roughness and exceptional refractive 
index uniformity. As described in Example 2 below, using substrate bias in a diode sputtering 
process, a silica film with an average surface roughness of 0.14 nm and a refractive index 
uniformity of less than 4x1 0" 5 % has been obtained. Further, as demonstrated in FIG. 5, diode 
bias sputtering produces structures with the characteristic angle of the external surface of the 
ridge-covering layer depicted schematically in FIG. 4. Diode bias sputtering therefore, offers 
particular advantages for forming the core layer of an as-deposited waveguide structure. While 
in certain previous applications, diode sputtering has been ruled out as a practical process due to 
a deposition rate that is much slower than the rate of magnetron sputtering, for fabricating 
waveguide structures, a uniform, wide area batch process in which multiple structures are 
produced simultaneously can overcome the disadvantages of a slow deposition rate. 

[0040] Using a suitably arranged mixed sputter target, it is possible to form core layer 22 and 
sidewall layer 20B of FIG. 4B of different material during a single deposition. The mixed 
sputter target may be used with any of the sputter deposition processes described here. The 
mixed sputter target has a central portion composed of, for example, a higher index material 
and/or a doped material, and an outer portion composed of a lower index and/or an undoped 
material. For the rectangular target, as described in the '307 application, the central portion can 
form a "stripe" running across the entire target. 

[0041] The material comprising the core layer 22 of FIGS. 4 A and 4B will be a line of sight 
mixture of the two portions of the target. The mixture will be determined by the ratio of area of 
the two regions and the relative sputter rates of the two regions, together with the subtended solid 
angles of the two regions, which are further weighted by the square of the inverse of the distance. 
By placing the ridge structured lower cladding layer under the central portion of the target for 
sputter deposition, the material deposited on core layer 22 favors the material of the central 
region of the target. Material deposited on slab layer 25 between the ridges would similarly be 
enriched in central region material. 

[0042] At the same time, the material deposited on sidewall region 20B favors the material 
of the outer portion of the sputter target. If the material of the outer portion of the target is 
composed of the same or similar material as that of regions 1 1 or 1 IP, the refractive index of the 
coating of the sidewall will be similar to that of the lower cladding 1 1 or IIP. In the case of 
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FIG. 4B, it can be seen that, using the mixed sputter target, a gradient in the index from the core 
layer 22 to the sidewall layer 20B can be obtained. A structure with such a gradient can be 
thought of as the planar equivalent of a graded biconic fiber. A region of smooth gradient in 
refractive index, at the interface between core layer 22 and sidewall layer 20B, is beneficial in 
further reducing scattering from the non-etched core. 

[0043] Another advantageous PVD method of depositing core layer 20 or upper cladding 
layer 30 uses reactive pulsed direct current (DC) magnetron sputtering with a wide area target. 
An apparatus used for DC sputtering may be similar to that illustrated in FIG. 3 except for . 
reference 54, which, in the DC case, is a pulsed DC power supply instead of an RF generator. 
In reactive DC sputtering, the deposited material is the result of a reaction between species 
sputtered from the target 52 and a reactive gas provided in the sputtering chamber. For example, 
reactive DC sputtering can be used to provide an upper cladding layer 30 composed of alumina, 
AI2O3, by sputtering an aluminum target under conditions where oxygen has been added to an 
inert background gas. 

[0044] A core layer 20, in which alumina serves as the host for a small percentage of rare 
earth elements can be prepared by reactive DC sputtering of an alloy target composed of 
aluminum and the rare earth and other elements. Similarly, a mixture of silica and alumina, 
which is a beneficial host for rare earth doped core layer 20, can be prepared by reactive DC 
sputtering of an alloy target composed of silicon, aluminum, and the rare earth and/or other 
dopants. The alloy targets can be fabricated by conventional powdered metallurgical techniques. 
A method of pulsed DC sputtering with a wide area target is described in commonly assigned 
U.S. patent application serial No. 09/766,463, (the '463 application) which is incorporated herein 
by reference. Example 3 demonstrates deposition of alumina by reactive pulsed DC sputtering 
using a pulsed DC power supply with a controllable pulse profile in place of the switching power 
supply of the '463 application. 

[0045] In yet another advantageous deposition process for a doped core layer 20 of an optical 
amplifier, any of the vapor phase deposition processes described above is used to form a layer of 
host material for the core layer, followed by ion implantation of the dopant species. By 
providing an ion beam 45 in FIG. 4A directed perpendicular to the horizontal plane of lower 
layer 10, only the top portion 22T of the core atop the ridge structure and the top 25T of the slab 
layer will receive any significant ion dose. The sides 12 of the ridge structure 1 1, and in the case 

-11- 



M-H522US 
770165 vl 

illustrated in FIG. 1C, any portion of core layer 20 covering the sides 12 of the ridge structure 
1 1 , are almost parallel to the ion beam and will not be doped. Standard ion implantation 
methods used in semiconductor device fabrication can be used to implant rare earth and other 
dopant species used in core layer 20. It has been experimentally confirmed by observation of 
increase in refractive index, that ion implantation can serve as the source of a photoluminescent 
dopant. 

[0046] We term the as-deposited waveguide structure shown in FIGS. 4 A and 4B a 
lighthouse structure. A model lighthouse structure is illustrated in FIG. 6 where the core 22 has 
thickness T and width W, and the ridge structured lower cladding 1 1 has a height H and width 
W. A slab of core material 25 of thickness T is also included in FIG. 6, representing an as- 
deposited condition. The lighhouse waveguide structure frequently, but not necessarily, includes 
an upper cladding layer overlying the core layer and slab layer (not shown.) An upper limit to 
the core dimensions to give single mode propagation for light of a given wavelength can be 
computed as a function of An between core and cladding materials. The wavelengths of interest 
for optical communication applications are the communications wavelengths around 1550 and 
1300 nm and the amplifier pump laser wavelength around 980 nm. In modeling the waveguide 
behavior, we use the pump laser wavelength which provides the most stringent conditions on the 
core dimensions. 

[0047] The height H of the lower cladding ridge structure 1 1 is chosen to provide sufficient 
separation between the core 22 and the slab layer of core material 25 on the substrate. One way 
of specifying the height H is based on the so-called 1/e radius, Ri/ e . In a plot of light intensity of 
a light beam versus distance from the beam center in the direction perpendicular to the 
propagation direction, Ri/ e , is defined as the distance from the center at which the light intensity 
is reduced to 1/e of its peak intensity. For beams whose intensity profiles have the form of a 
Gaussian function, at least 80 % of the light intensity is contained within the 1/e radius. A 
minimum value of H is given, for example, by the requirement that Ri/ e in FIG. 6, measured 
from the center of the core, does not intersect the slab layer 25. Intensity coupled into the slab 
layer 25 between ridge structures 11, provides a mechanism for undesired coupling, or crosstalk, 
between adjacent devices on the same substrate. 

[0048] A general idea of useful dimensions for a lighthouse waveguide structure can be 
obtained by modeling the propagation of light beams through a structure consisting of a core of 
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width W and height T, as defined in FIG. 6, and completely surrounded by a lower index 
cladding material. The modeling calculations involve solving the standard Helmholtz equation 
in cylindrical coordinates. The radius Ri/ e for a square core (W=T) of the maximum dimension 
to give single mode propagation at 980 nm is given below in Table 1 as a function of the 
refractive index difference between the core and cladding material. A minimum ridge height 
Hmin is approximated such that the 1/e radius lies above a slab layer of height T. 



Table 1 . Lighthouse waveguide dimensions 



An/n core (%) 


W=T ((im) 


1/e radius (um) 


H min (um) 


0.4 


6 


4 


7 


0.5 


4 


3.8 


5.8 


1 


3 


2.8 


4.3 


2 


1.8 


2 


2.9 


4 


1.3 


1.5 


2.2 


6 


1 


1.2 


1.7 


8 


0.8 


1 


1.4 



Calculated using the BPM program (Optiwave, Ottawa, Ontario, Canada) 



[0049] As described above, when sputtering including substrate bias is used to deposit the 
core layer of a structure having a ridge 1 1 of height H that is greater than twice the core 
thickness T, there is some separation between the core layer 22 and the slab layer 25. According 
to the model calculations, for differences in refractive index between core and cladding layers 
characteristic of practical devices, the ratio of the height H m in to the thickness T is typically 
greater than 1 and less than 2. The criterion for separation of core and slab layers by bias 
sputtering of H>2T ensures the center of the core is separated from the slab layer by more than 
the radius Ri/ e . As described above, bias sputtering provides films with superior material 
properties for use in optical devices. Also, as long as the thickness of any core material on the 
sidewalls of the ridge is less than T, the core material on the sidewalls will not support single 
mode propagation. From these considerations, an advantageous lighthouse waveguide is 
obtained when bias sputtering is used to deposit a core layer of thickness T on a ridge structure 
of height H for structures where H is greater than T or greater than 1 .5 T. A further advantage is 
obtained when bias sputtering is used for deposition of core material of thickness T on a ridge 
structure with a sidewall angle in the intermediate range of between and 30 and 45 degrees and a 
height H greater than 2T, to produce a lighthouse waveguide structure with a complete 
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separation between the core portion and the slab portion. 

[0050] Although the calculations in Table 1 assumed a square core layer, the results are 
generally applicable to core layers with aspect ratios different from 1 , having about the same 
area as the square core layer. For non-square core layers, typically it is desirable to have the 
width of the core layer greater than the thickness. Aspect ratios, W:T are generally no greater 
than about 3. Since the thickness of the slab layer is the same as the thickness of the core layer, 
aspect ratios greater than 1 have the benefit of providing thinner slab layers. For core layers that 
do not have a rectangular cross section, such as generic core layer 20 in FIG. 1C or core layer 22 
in FIGS. 4 A and 4B, a characteristic core width is taken as the width W at a position in the 
middle of the core layer. 

[0051] The waveguide dimensions listed in Table 1, particularly the ridge height H m j„, are 
chosen to limit coupling or leakage into surface slab layer 25. To further minimize, coupling or 
leakage, the process flow of FIG. 2 can optionally be augmenting with a step in which some or 
all of the slab layer of core material is removed by etching through a photoresist mask. 

[0052] The benefits of the present process that provides waveguiding structures with 
exceptionally low surface roughness can be appreciated from the model lighthouse structure and 
modeling results of Table 1. Using the values in Table 1, it can be seen that for the structures 
modeled here, a circle of radius Ri/ e , in the cross section of FIG. 6 lies outside the core. 
Scattering due to surface roughness at interfaces between materials of different refractive index 
is an important loss mechanism in optical waveguides. As discussed in the background section, 
surface roughness of core sidewalls has previously been identified as a significant problem. In 
fact, roughness at any interface between different materials, for example, roughness at the 
interface between the top surface 16 of the ridge structured lower cladding and the underside of 
the core, is also a source of scattering loss. The above modeling results indicate, for many 
practical waveguide designs, non negligible light intensity is incident on the core sidewalls and 
core top and bottom edges. Therefore, the present as-deposited fabrication process that avoids 
etching of core sidewalls, or of the top surface 16 of lower cladding ridge structures 11, 
overcomes a significant problem in building low loss optical devices. The present process is 
particularly beneficial when combined with the deposition processes described here that produce 
exceptionally dense, smooth optical materials. 
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[0053] For waveguide designs with weakly guided modes, there is a significant intensity in 
the evanescent mode, outside the core. In these designs, the interface between the edge of the 
ridge structured lower cladding layer and the surrounding material is another important source of 
scattering loss. It may be useful, therefore, in these cases, to modify the fabrication process to 
address the smoothness of the sidewalls of the lower cladding ridge structures. 

[0054] Although for some waveguides, a thermal oxide layer atop a silicon wafer may itself 
serve as a lower cladding layer, for purposes of refractive index matching, it is often necessary to 
deposit a layer of a controlled refractive index material One approach to providing smoother 
lower cladding ridge sidewalls is to deposit a layer of low index material by the wide area target 
RF sputtering process described here. It is preferable to use a process selected for densification 
such as the dual frequency RF and/or substrate bias processes. A sputtered layer on the order of 
about 5 to 10 um in thickness is suitable depending on the waveguide design. Ridge structures 
are then etched in the lower cladding layer as described previously. The dense, smooth film 
produced by the wide area RF sputtering process will have lower surface roughness after etch 
than a conventionally sputtered index matching layer. In this way, the ridge structures 1 1 will 
have smoother sidewalls in the top portion illuminated by the guided beam. 

[0055] A second approach to providing smoother lower cladding ridge sidewalls is to use a 
wet etching process to pattern oriented silicon wafers followed by thermal oxidizing the etched 
ridges. A process flow for this alternative approach to providing a ridge structured lower 
cladding layer is given in FIG. 7. At step 72, a thermal or deposited oxide layer is formed on a 
silicon wafer to serve as a hard mask for etching the silicon wafer. The thermal oxide layer is 
patterned at step 73, using a standard photolithography and etching process, and the photoresist 
layer is removed. 

[0056] Next, at step 74, the ridge structure is etched into the silicon wafer using a potassium 
hydroxide solution. The pattern is oriented on the silicon wafer to take advantage of the crystal 
structure of the silicon. For example, on a <1 10> oriented silicon wafer, trenches between the 
ridge structures can be oriented along the <1 1 1> directions. The thermal oxide hard mask is 
removed at step 74 and the silicon ridge structure is thermally oxidized at step 76 to form the 
ridge structured lower cladding layer. Fabrication of a waveguide by etching a silicon wafer and 
thermally oxidizing the etched ridges is described below in Example 5. The smoothness of the 
sidewalls of the etched silicon structures can be observed in the scanning electron micrograph of 
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FIG. 8. 

[0057] The second approach may alternatively be modified as follows. At step 72, an oxide 
layer thick enough to serve as the top part of the ridge-structured lower cladding is deposited, 
instead of a photomask layer. The etching process, step 74, includes first, an anisotropic etch 
through the top oxide layer forming the top of the ridge-structured cladding with straight 
sidewalls. Then an undercutting etch through the silicon layer is performed such that when the 
silicon is thermally oxidized in the subsequent step, the width of the cladding ridge will expand 
forming an advantageous sidewall slope below the ridge structure. 

[0058] The features and benefits of the present methods of forming as-deposited waveguides 
and amplifiers are further illustrated in the following examples which are offered by way of 
illustration but not of limitation. 

EXAMPLE 1 : SINGLE AND DUAL FREQUENCY RF SPUTTER DEPOSITION OF SILICA 

[0059] Wide area target RF sputter deposition of materials for core and cladding layers of as- 
deposited waveguide structures is demonstrated in Example 1. An AKT 1600 series PVD 
production reactor (Applied Komatsu Technology, Santa Clara, CA) modified to accept custom 
ceramic tile targets was used for RF sputter deposition of Si02. A wide area target of dimension 
550 x 650 mm was fabricated as described in the '307 application, from four fused silica tiles, 
each 4 mm thick, Corning code 9780 glass (Corning Inc. Elmira, NY). For deposition, silicon 
wafers were placed on a Corning code 1739 glass carrier sheet opposite the target. A race-track 
shaped magnet of approximate dimension 150 mm x 600 mm was swept over the face of the 
target at a rate of 4 seconds per one-way scan (8 seconds per complete cycle.) 

[0060] High frequency (13.56 MHz) and low frequency (about 350 kHz) process powers are 
listed along with surface roughness and refractive index (RI) of the deposited films in Table 2. 
below. Depositions were all conducted at Ar flow rates of 40 standard cubic centimeters per 
minute (seem) and at or near room temperature, except as noted below. Refractive index at 1.5 
um was measured using a Film Tek 4000 normal incidence interferometer (SCI, Encinitas, CA). 
Average surface roughness, R a , was determined from Atomic Force Microscopy (AFM) 
measurements using a NanoScope III 5000 instrument (Digital Instruments, Veeco Metrology 
Group, Santa Barbara, CA) 
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Table 2. Average Surface Roughness and Refractive Index of RF Sputtered Silica 



EXAMPLE 


HF Power 
(kW) 


LF Power 
(kW) 


R a (nm) 


RI 


Total Power 


LF/HF Power 
Ratio 


A 


2.3 


~ 


2.988 


1.4492 


2.300 


0 


B 


2.3 


- 


2.804 


1.4494 


2.300 


0 


C 


2.3 


- 


3.412 


1.4473 


2.300 


0 
















D 


2.0 


0.350 


1.818 


1.4538 


2.350 


0.175 


E 


2.0 


0.350 


1.939 


1.4533 


2.350 


0.175 


F 


2.0 


0.350 


2.007 


1.4547 


2.350 


0.175 


G 


2.0 


0.3.50 


2.571 


1.4520 


2.350 


0.175 
















H 


1.7 


0.600 


1.729 


1.4560 


2.300 


0.353 
















I 


1.7 


1.000 


1.445 


1.4617 


2.700 


0.588 
















J 


3.0 


0.525 


2.359 


1.4542 


3.525 


0.175 


K" 


2.0 


0.350 


3.419 


1.4523 


2.350 


0.175 


L # 


3.0 


0.525 


4.489 


1.4449 


3.525 


0.175 



* Deposition temperature 225 °C 

# Ar flow rate 120 seem 



[0061] Films deposited with a single frequency RF process (Examples A-C) had average 
surface roughness values in the range of 2.8 to 3.4 nm while the dual frequency process 
produced films with systematically lower average surface roughness of between 1.4 and 2.6 nm. 
Keeping other process conditions the same, increasing the ratio of low frequency to high 
frequency power is seen to result in decreasing surface roughness. Refractive index is observed 
to have the opposite proportional dependence on power ratio; increasing the low frequency 
power contribution results in films with higher refractive index. Beneficially, the higher 
refractive index material has the lower average surface roughness. Thus, in similar processes, 
core layer material can be obtained by using dual frequency deposition without use of dopants to 
modify the index of either layer, while using only the high frequency component produces a 
material of lower refractive index suitable for the cladding layer. 

EXAMPLE 2: RF SPUTTER DEPOSITION OF SILICA WITH SUBSTRATE BIAS 

[0062] An AKT 4300 series PVD production reactor (Applied Komatsu Technology, Santa 
Clara, CA) modified to accept custom ceramic tile targets and modified to induce a voltage on 
the substrate was used to deposit silica on planar and patterned 100 mm silicon wafers. A wide 
area target of dimension 750 x 870 mm was fabricated as described in the '307 application, from 
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four fused silica tiles, each 4 mm thick, Corning code 9780 glass (Corning Inc. Elmira, NY). 
The wafers were placed in the center of a Corning code 1739 glass carrier sheet opposite the 
target. The reactor was operated in the diode sputtering mode, without magnetic enhancement, 
at a high frequency RF power of 2500 W and an induced voltage of -400V. A bias voltage of 
-125 V at 2 MHz and 250 W was induced on the substrate. An argon gas flow rate of 160 seem 
was used. 

[0063 J Average surface roughness of a 0.75 um thick film deposited on a planar wafer, 
determined as in Example 1, was 0.14 nm. The refractive index determined as the average of 
measurements at 12 points on the surface was 1.4622 with a uniformity, defined as the difference 
of the minimum and maximum values divided by twice the average, of 3.4 x 10" 5 percent. To the 
best knowledge of the inventors, the exceptional uniformity reported here exceeds that of any 
vacuum deposited film reported previously. 

[0064] FIG. 5 shows an SEM image of a silica film deposited over a patterned substrate. 
The trenches in the patterned substrate are seen to be completely and uniformly filled and the 
ridges are uniformly covered. The top surface of the layer overlying the ridges is flat and the 
sloping sides of the layer overlying the ridges are nominally at 45 degree angles. All of the 
foregoing geometric features are characteristic of bias sputtering deposition. As reported in the 
'307 application, for trench features with unit aspect ratio, the maximum thickness at the bottom 
of the trench of films deposited by conventional RF sputtering is less than about 10-20%. 

EXAMPLE 3: REACTIVE DC SPUTTER DEPOSITION OF ALUMINA 
[0065] The AKT 1600 series reactor as in Example 1 was operated with a Pinnacle Plus+ 
pulsed DC power supply (Advanced Energy Industries, Inc., Fort Collins, CO) and an aluminum 
target to deposit a film of alumina on a silicon wafer. 3 kW of process power was applied at a 
pulsing frequency of 60 kHz with a reverse pulsing time of about 2.5 usee. The cathodic voltage 
was -400 V while the reverse voltage was on the order of +40 V. The argon flow rate was 26 
seem. The O2 flow rate of 22 seem, was the minimum amount of oxygen needed to produce 
stoichiometric alumina, AI2O3. The as-deposited alumina film had a refractive index of 1 .699 
and an index uniformity of 0.01%. 

[0066] The reactive DC sputtering process was used to deposit alumina films from an 
aluminum target under different process conditions. Process power, reverse pulsing time, Ar low 
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rate, and <D 2 flow rate were as reported above, except for Example G in which an 0 2 flow rate of 
35 seem was used. The refractive index and thickness of as-deposited alumina films, as well as 
the refractive index, after a 30 minute anneal at 800 °C are reported in Table 3 below. 



Table 3. Refractive Index and Thickness of Reactive DC Sputtered Alumina 



EXAMPLE 


0 2 /Ar Ratio 


Frequency 
(kHz) 


Refractive 
Index 


Refractive 
Index 
(post-anneal) 


Thickness' 
(nm) 


A 


0.846 


60 


1.6970(0.0018) 




207.21(0.45) 


B 


0.846 


60 


1.6973(0.0019) 


1.6980(0.0058) 


209.61(0.40) 


C 


0.846 


60 


1.6971(0.0007) 




697.02(2.44) 


D 


0.846 


60 


1.6983(0.0014) 




687.84(2.56) 














E 


0.846 


100 


1.7116(0.0020) 




192.05(0.61) 


F 


0.846 


200 


1.7314(0.0019) 


1.7328(0.0027) 


167.00(0.67) 














G 


1.346 


60 


1.7243(0.0043) 


1.7187(0.0044) 


171.19(0.44) 



* Standard deviation (Ict) in parentheses 



As can be seen from the results of Table 3, the refractive index of reactive DC sputtered 
alumina is stable upon exposure to annealing temperatures. The maximum change in refractive 
index on anneal was 0.3 %. Further, the reactive index of the as-deposited film can be modified 
by changing the deposition process conditions. Refractive index increases with increasing 
pulsing frequency and with increasing ratio of oxygen to argon. 

EXAMPLE 4: AS-DEPOSITED WAVEGUIDE AMPLIFIER 

[0067] As-deposited planar amplifiers were formed on 100 mm silicon wafers having a 5um 
thick top layer of thermal oxide. Lower cladding ridges spaced 250 pm apart, extending across 
the wafers, were etched into the thermal oxide layers through masks having line widths of 5, 6, 7, 
and 8 urn. The etching process produced ridges having a partly trapezoidal structure as depicted 
in FIG. 1 A, in which both the top and bottom widths were narrower than the line width of the 
mask, as typically obtained in dry etching. 

[0068] A 0.6 nm thick core layer of silica containing Er and Yb ions was deposited over the 
ridge structures in the thermal oxide by single frequency RF sputtering of an alloy target having 
a composition of 57.5% Si0 2 , 37.5 % A1 2 0 3 , 2.5 % Er 2 0 3 , and 2.5 %Yb 2 0 3 . The AKT 1600 
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series reactor was used. A 7 um thick silica top cladding layer was deposited over the core layer 
using the same reactor with the silica target of Example 1. Process conditions and refractive 
index for the core layer and the upper cladding layer are given below in Table 4. 



Table 4. Deposition of Core and Cladding Layers of Waveguide Amplifier 





Core Layer 


Cladding Layer 


High Frequency RF Power 
(kW) 


2 


3 


Low Frequency RF Power 
(kW) 




0.525 at 350 kHz 


Ar flow rate (seem) 


40 


120 


Carrier sheet temperature (°C) 


350 


350 


Refractive Index 


1.5497 


1.453 



[0069] After deposition of the upper cladding layer, the wafers were annealed at 800 °C for 
30 minutes and then diced into waveguide amplifier segments of various lengths. As given by 
the refractive index data in Table 4, the waveguide amplifiers had a An between core and 
cladding layers of 6 %. Fibers carrying signal wavelengths 1300 nm and pump laser light at 980 
nm were coupled to the amplifier segments. Evidence of guiding light through a 15 mm 
amplifier segment fabricated from a mask having a linewidth of 5 fim (core size of about 2.5 x 
0.7 um) was provided by an image of the fundamental mode of the transmitted 980 nm pump 
laser light. A pump laser power of 27 mW was used. Internal signal enhancement through 12 
mm amplifier segments was found to increase as a function of waveguide width to a value of 6-7 
dB/cm, after subtraction of the passive absorption, for the widest amplifiers measured (mask 
width 8 um.) The present example demonstrate single mode transmission, together with 
significant signal gain can be obtained from an as-deposited waveguide structure where the core 
is formed without an etching step on a pre-formed ridge structure. 

EXAMPLE 5: AS-DEPOSITED WAVEGUIDE BY FORMING RIDGE STRUCTURES IN 
SILICON WAFER 

[0070] This example illustrates forming a ridge structured lower cladding layer by etching a 
silicon wafer. A 0.3 um thick silicon dioxide layer was formed on an <1 10> oriented 100 mm 
silicon wafer by thermal oxidation at about 1 100 °C. A layer of photoresist was formed on the 
SiOa etch mask layer and patterned to define ridges of about 3 um in width and 80 -100 mm in 
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length, extending across the wafer, with spacings between the ridges of 4-20 jam. The Si0 2 
layer was patterned by a hydrofluoric acid (HF) etch and the photoresist layer stripped by 
standard techniques. The silicon wafer was etched to a depth of from 4 urn to 15 um in a 
controlled manner, depending on etch time, using a potassium hydroxide solution. The Si02 
mask was stripped and the wafer was cleaned with HF followed by a deionized water rinse. The 
patterned ridges were thermally oxidized to silicon dioxide forming the ridge structured lower 
cladding layer with a refractive index of about 1.445. In this way, tall ridges of silicon dioxide 
were formed by a short thermal oxidation process compared to the time required to form a 
similar thickness of a planar thermal oxide layer. After wet etch, surface roughness was defined 
by the spacing of single crystallographic planes formed on the sidewalls. After oxidation, 
average surface roughness was about 0.2 nm. 

[0071J A layer of core material is deposited over the ridge structured lower cladding layer by 
a dual frequency RF process, generally as described in Example 1 . The high frequency RF 
power is 1 kW and low frequency RF power at 225 kHz was 0.5 kW. An argon flow rate of 35 
seem is used. The refractive index of the core material is 1.450. The upper cladding layer 
having a refractive index of 1.445 was deposited over the core layer by a single frequency RF 
process in which the process power was 1 kW. The present method of forming a passive single 
mode waveguide of pure silaceous material on a silicon wafer could be advantageously used to 
provide single mode optical interconnections to microelectronic devices. 

EXAMPLE 6: ION-IMPLANTATION OF SPUTTERED SILICA 

[0072] Er 2+ and Al + ions were implanted into a 10 urn thick layer of dual frequency RF 
sputtered silica at an erbium dose of 5xl0 15 /cm 2 at 400 to 900 keV and an aluminum dose of 
5xl0 16 /cm 2 at 120 to 180 keV. The resulting film was analyzed by Rutherford back scattering. 
A peak erbium concentration was observed at a depth of 0.25 to 0.30 urn at an implantation 
energy of 900 keV. By the rule of mixtures, the observed refractive index increase is equivalent 
to a several percent change in refractive index for a 10 urn thick film. A sputtered overcladding 
of silica was used to form a waveguide of the implanted portion. Guided light and signal 
enhancement was observed. 

Although the present invention has been described in terms of specific materials and 
conditions, the description is only an example of the invention's application. Various 
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adaptations and modifications of the processes disclosed are contemplated within the scope of 
the invention as defined by the following claims. 
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